Atmospheric dust concentrations are very sensitive to the dust surface emissions that are mainly controlled by saltation and sandblasting processes. Thus, a correct modeling of concentrations directly depends on mass flux parameterization accuracy. In 2001, Alfaro and Gomes proposed a whole set of parameterizations linking the dust flux to surface wind speed and soil characteristics. Their formulation is based on the integration of elementary fluxes, discretized along a soil size distribution. But, because the sandblasting is a threshold process, this discretization must be as fine as possible when the threshold acts. And because this threshold depends on dynamic parameters, it is necessary to always integrate fluxes with a high resolution. This leads to large numerical simulations. In this paper it is shown that it is possible to estimate fluxes with a good accuracy by adding equations that are dedicated to better describing the sensitive parts of the emission scheme.
Introduction
Mineral dust emissions in arid and semiarid areas results mainly from the combination of two processes: saltation and sandblasting. Saltation corresponds to the horizontal movement of soil grains once they have reached the erosion threshold. Sandblasting, or bombardment, refers to the release of fine dust particles by the impact of soil particles on the surface and/or breakage of soil aggregates. The saltating soil grains provide the kinetic energy that is required to exceed the cohesive forces linking the dust particles to the soil aggregates. Physical models describing the sandblasting process have been recently proposed (Shao 2001; Alfaro and Gomes 2001) , which allow for the estimation of the dust emission fluxes and the corresponding dust size distribution. The dust size distribution in the Shao (2001) parameterization evolves between two limits that are defined by the "minimally" and the "fully" dispersed parent soil size distribution that is derived from laboratory analyses of soil samples. Based on wind tunnel experiments, Alfaro et al. (1998) observed that sandblasting was producing a typical dust size distribution, characterized by three particle modes, the relative proportion of which vary as a function of the wind friction velocity. The sandblasting model of Alfaro and Gomes 2001) describes the variations of the relative proportions of the three modes as a function of the wind velocity as a balance between the kinetic energy of the soil grains in saltation and the cohesion energy of the three aerosol modes. The numerical values of the cohesion energy of the three aerosol modes have been derived based on wind tunnel measurements. Grini et al. (2002) noted that this parameterization might produce erroneous fluxes resulting from numerical oscillations if the soil size distribution integration is not accurate enough. They showed that a large number of size steps are required to have a correct accuracy on the integration result without numerical oscillations. In addition, Grini and Zender (2004) used precalculated flux values, that is, "lookup" tables, to perform global simulations of the mineral dust cycle.
The goal of this paper is not to discuss the Alfaro and Gomes (2001) parameterization itself, but only the numerical accuracy when discretizing the equations in the framework of transport modeling. The principal and main calculations that are involved in the Alfaro and Gomes (2001) parameterization are presented, and the results of several numerical tests are presented (number of soil classes, wind speed). The mathematical formulation involved in the observed numerical fluctuations is explained. Thus, a parameterized discretization of the soil distribution, which is complementary to the parameterization, is proposed. It allows the Alfaro and Gomes (2001) parameterization, without fundamental change and with no need to precalculate the lookup tables. This method provides accurate estimations of the vertical fluxes and of the dust size distribution, and can be easily implemented in a three-dimensional dust transport model for online calculations of emissions.
Emissions fluxes estimation and limitations
In this section, we shortly present the principle of the dust flux calculation. Formally, we used the procedure that was presented and recommended by Alfaro and Gomes (2001) to compute the dust fluxes and the size distribution. Table 1 displays the notations, their values  (if constants) , and related units that we used for the calculations presented in this paper. This model described the dust emission process as a balance between the kinetic energy provided by the saltating soil grains and the cohesion energy of the dust particles. The complete dust emission model proposed by Alfaro and Gomes (2001) is a coupling of the saltation flux calculation proposed by Marticorena and Bergametti (1995) and the sandblasting model developed by Alfaro et al. (1998) .
a. Saltation flux
As described in Marticorena and Bergametti (1995) , Alfaro and Gomes (2001) , and Gomes et al. (2003) , the vertically integrated saltation flux is estimated using the White (1979) equation,
where u * is the friction velocity, that is, the friction velocity calculated using the roughness length z 0 , following Marticorena and Bergametti (1995) ; u T * is the threshold friction velocity, depending on the soil particle diameter size D p and z 0 . Following Marticorena and Bergametti (1995) , we consider the air density as a constant, with air ϭ 1.227 kg m Ϫ3 , and used the constant value K ϭ 1. The only change compared to the Marticorena and Bergametti (1995) parameterization is the calculation of u Ts * . We used the parameterization proposed by Shao and Lu (2000) ,
with the constant parameters a n ϭ 0.0123 and ␥ ϭ 300 kg m Ϫ2 . The particle density p ϭ 2.65 ϫ 10 3 kg m Ϫ3 is chosen to be representative of quartz grain clay minerals.
The threshold friction velocity u Ts * may be modified by the drag partitioning and soil moisture. In this study, we used the drag partitioning proposed by Marticorena and Bergametti (1995) 
b. Sandblasting flux
The saltation flux is computed based on the partitioning of the kinetic energy of individual saltating ag- gregates and the cohesion energy of the dust particles. This model assumed that dust emitted by sandblasting is characterized by three modes whose proportion depends on the wind friction velocity. From wind tunnel measurements performed on two natural soils from semiarid regions, Alfaro et al. (1998) consider these three modes as being independent of the soil types. They described the three modes using lognormal distributions with diameters of d 1 ϭ 1.5 ϫ 10 Ϫ6 m, d 2 ϭ 6.7 ϫ 10 Ϫ6 m, and d 3 ϭ 14.2 ϫ 10 Ϫ6 m, and associated standard deviations of, respectively, 1 ϭ 1.7, 2 ϭ 1.6, and 3 ϭ 1.5. Based on this model, as soil aggregate size or wind speed increases, kinetic energy becomes able to release the first particles of the coarsest mode that are associated with the lowest cohesion energy, then particles from the intermediate population, and finally the finest particles. It is also implied that for a specific wind speed and soil size distribution the dust flux might be zero, even if the saltation process occurs. To apportion the available kinetic energy between the three modes, a constant cohesion energy e i is associated with each mode's value. The numerical values of e i were determined by adjusting the predicted aerosols size distribution to those measured in a wind tunnel under different wind conditions, using an iterative least squares routine, as described in Alfaro et al. (1998) . Depending on the description of the soil size distribution (measured or fitted), this procedure leads to different values of the cohesion energy (Alfaro et al. 1998 ). Alfaro and Gomes (2001) recommend the use of the following values: e 1 ϭ 0.376, e 2 ϭ 0.366, and e 3 ϭ 0.346 kg m 2 s Ϫ2 . The kinetic energy is expressed as a function of the soil particle diameter after Alfaro et al. (1997) and Shao and Lu (2000) :
It is compared to the cohesion energy of the three aerosol modes in order to compute the proportion p i (D p ) of these three modes to the total dust size distribution ( Table 2 ). The variations of p i (D p ) as a function of the available kinetic energy are illustrated in Fig. 1 . Once the kinetic energy exceeds e 3 the coarse mode is released, and p 3 remains equal to 1 when the kinetic energy increases until it reaches e 2 . Then, p 3 exhibits a sharp decrease for any further increase of the kinetic energy. On the other hand, p 2 increases rapidly from 0 to 0.60 between e 2 and e 1 . The decrease of p 2 once e 1 has been reached is not so severe as for p 3 . The dust flux is assumed to be proportional to the horizontal saltation flux F h (D p ). After Alfaro and Gomes (2001) , summing Eq. (4) over the three aerosol modes, the total sandblasting flux may be written as
where N class is the number of intervals discretizing the soil size distribution in the range of [D Finally, these three mass flux contributions are redistributed into the aerosols bins. The discretization that is chosen for the aerosol size distribution ranged from 10 Ϫ7 to 10 Ϫ4 m, with 100 bins for this work. The corresponding mass fraction is distributed using a lognormal distribution (Seinfeld and Pandis 1998) . 
Sensitivity of fluxes to soil size distribution discretization
The previous description showed that the dust flux calculations involve numerous input parameters. This paper focuses on the sensitivity of the computation to the discretization of the soil size distribution. As a result, we consider that the model and the prescribed values described previously provide a realistic description of the dust emission processes. For this study, the "floating" parameter is the number of soil size diameter subclasses: N class . The first question to address is "How many subclasses are required to have a correct representation of the emitted fluxes?" The answer must be valid for a large range of situations-different soil types, a large set of roughness lengths (from smooth to nonerodible), and a large range of wind speeds.
To answer this question, we first tested the dust flux computations with different N class values for a simple academic case (smooth surfaces and homogeneous soil type), and then for the Saharan dataset from Marticorena et al. (1997) .
a. Individual soil types
Two typical examples of the comportment of the dust flux parameterization for different soil types are displayed in Fig. 2 . In the upper panel, the first example represents fluxes generated for a "silty fine sand," and in the lower panel the second example is for a "coarse sand." The soil size distribution of these two soil types are prescribed according to Chatenet et al. (1996) , as described in Marticorena et al. (1997) . The first soil is composed of two fine-soil populations (diameters ϭ 125 and 210 ϫ 10 Ϫ6 m), while the second one is composed of a coarse-soil population (diameter ϭ 690 ϫ 10 Ϫ6 m). In Fig. 2 , and the top-left panels, fluxes are displayed as a function of increasing wind speed (and thus friction velocity). The top-right panels illustrate the dust size distribution for a given wind speed [12 m s Ϫ1 for silty fine sand (SFS) and coarse sand (CS)] and the total vertical flux. The same flux is displayed in the three small bottom panels ("low resolution," "high resolution," and "new"), as in the top-left panel. They correspond to the relative part of fluxes in each of the three emitted modes.
The following preliminary conclusions may be drawn from Fig. 2. • This figure shows that both the flux intensity and dust size distribution are very sensitive to the number of soil size classes. This confirms the results obtained by Grini et al. (2002) . If N class is too low, numerical oscillations occur, leading to erroneous fluxes up to two orders of magnitude. However, even when the difference in the dust flux computation is low, the difference on the dust size distribution remains significant. For our soil size domain (from 10 Ϫ6 to 2 ϫ 10 Ϫ3 m), a minimum step of ⌬D p Ϸ 5 ϫ 10 Ϫ6 m, that is, 10 000 log-distributed classes, is required to get a correct estimation of the dust flux (as well as the corresponding mass distribution).
• The under-or overestimation of flux values primarily affects the coarser aerosol mode (d 3 ϭ 14.2 ϫ 10 Ϫ6 m), and never affects the finer one (d 1 ϭ 1.5 ϫ 10 Ϫ6 m). This is explained by the fact that the coarse mode is mobilized first, while the finest mode requires a very high wind speed to be released. There is also the fact that our diagnostic is based on mass integration: the finest mode delivers a negligible mass contribution compared to the coarsest one. This point is discussed in the following section (5b).
• Based on the numerous tests that are performed with different values of N class , we noticed that increasing N class lead to an increase of the frequency of the numerical oscillation as a function of the wind speed, but to a decrease in the absolute error on the dust flux. This showed that the error is not a random bias, but is only a result of the discretization around the specific functions defined for the modes weights. The frequency of the error beat is the result of the logarithmic increase of the soil size distribution and to the corresponding values on the weight functions. This is thus a numerical integration problem only.
In this section, we showed that a minimum soil size resolution of ⌬D p Ϸ 5 ϫ 10 Ϫ6 m is required to accurately estimate the dust fluxes and size distribution using Alfaro and Gomes's (2001) parameterization. This requirement may not be a problem for microphysical studies, like occasional comparisons with wind tunnel data, but may not be suitable for three-dimensional transport models.
b. Combinations of soil types and roughness lengths
The same sensitivity test is done, but for realistic combinations of soil types and roughness lengths. We used the surface features database that is elaborated in and presented by Marticorena et al. (1997) and Callot et al. (2000) for the Sahara and the Arabian Peninsula at the resolution of 1°ϫ 1°. To evaluate the influence of the numerical bias when using a combination of surface features, we chose two typical grid meshes whose characteristics and geographical coordinates are presented in the Table 3 .
The total dust fluxes that are calculated for each grid mesh are displayed in Fig. 3 . The combination of two different roughness lengths and soil types on the same grid mesh results in the addition of two curves with different shapes and thresholds. This explains the discontinuity in the computed dust flux as a function of the wind speed. For a low resolution in the soil size distribution, the combination of several surface features leads to an apparently "random" effect. This is a result of the fact that each soil type produces its own oscillation frequency with a specific threshold velocity. The
FIG. 2. Estimation of fluxes (kg m
Ϫ2 s Ϫ1 ) with N class ϭ 50 and 10 000. The case of N class ϭ new corresponds to the adaptative method proposed in this paper (see following sections). The soil roughness length used is z 0m ϭ 7 ϫ 10 Ϫ6 m. The size distribution is extracted from fluxes calculations when the wind speed equals 12 m s Ϫ1 .
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discontinuous and noisy appearance of the curve results from the sum of two independent oscillation patterns. Finally, the error induced a too-low resolution in the discretization of the soil size distribution when using a combination of soil types, and surface roughness could hardly be defined a priori. Similarly, any variation of the erosion threshold, due, for example, to variations in the soil moisture, may lead to a change in the dust flux and thus a different error pattern.
Sensitivity of fluxes to the parameterization formalism
According to Alfaro and Gomes's (2001) model, the coarse aerosol mode is the first that is released by sandblasting, because its cohesion energy is the lowest. The p 3 weight function is numerically the most sensitive because this is the first function to be evaluated when e c Ͼ e 3 . The variation of p 3 as a function of the available kinetic energy consists of an initial shift from zero to a full contribution to the total flux (because p 3 ϭ 1 for e 3 Ͻ e c Ͻ e 2 ), then a rapid decrease toward values of less than 0.10. As a result, to better understand the sensitivity of the dust flux calculation to the soil size distribution resolution, we mainly have to examine to the comportment of the p 3 function. Figure 4 represents the variation of the p 1 , p 2 , and p 3 functions as a function of the kinetic energy. The solid line represents the value of p i for N class ϭ 10 000. For other values, respectively, N class ϭ 50 and 200, the symbols showed the p 3 values.
For N class ϭ 10, the first nonzero value of p 3 is less than 0.01, while it should be equal to one. When increasing the resolution, that is, for N class ϭ 200, more discrete values are computed in this domain of kinetic energy, but all of the p 3 values are still low and lead to a large underestimation of the total flux.
Finally, from Figs. 1 and 4, we can conclude that the most sensitive part of the flux calculations is limited to a small interval of kinetic energy, roughly defined by [e 3 : e 1 ]. An optimized computation of the dust flux should be obtained by using a "high resolution" in the domain of kinetic energy for which the computation of p 3 is very sensitive, and a coarser resolution for higher kinetic energy. The problem is then to define the boundaries and the required resolution for such a highresolution domain.
Alternative approach: Optimization of the integration size intervals a. Estimation of soil size domain boundaries
The first remark is that for kinetic energy values below the first binding energy e 3 , there is no flux, thus there is no need for estimating and optimizing the soil size discretization. The major numerical fluctuations are observed for kinetic energy that is only slightly higher than the lowest binding energy e 3 . This defined the lowest limit of the domain for which a maximal accuracy is required. We have thus to estimate the "minimal" particle size D sub1 i corresponding to this critical kinetic energy. Using an inversion of Eq. (3), we have
The highest limit definition of the high-resolution domain is not so simple. Because the main error on the dust flux computation results from an underestimation of the highest values of p 3 , we defined an arbitrary limit as the minimal value of p 3 , called p min 3 , for which a high resolution is required. For this minimum chosen value, we invert the relation linking p 3 to the kinetic energy (Table 2) ], where the largest particles are initially emitted and for which we need a maximum numerical precision.
A second size subdomain is, for which a low resolution will be applied, defined by [D Marticorena et al. (1997) . The soil types are those described in Chatenet et al. (1996) : CMS for coarse medium sand, CS for coarse sand, SFS for silty fine sand, SCS silty coarse sand, and MRC for mountain or rocks or cities. These surfaces are not considered as emitters. is the value that is used by default in the dust emission model, that is, 0.2 cm. For the two subdomains, numerical tests show that the use of a logarithmic scale for the soil particle diameter is strongly recommended. For the second subdomain, we estimate the number of required diameter steps N c,2 , using the simple relation
Soil type z
where N p is a fixed parameter to determine. Numerous tests have been performed on this parameter value, and results showed that the dust fluxes and the associated size distribution are not sensitive once N p is higher than 100. This is a result of the fact that in this domain of kinetic energy p 1 is the main contributor to the total flux, and it quickly tends toward unit.
b. Sensitivity of the threshold on p 3
Because of the decreasing exponential form of the p 3 (Fig. 1) , it is not straightforward to estimate a priori the highest limit of the high-resolution domain. Several values of p is the dust flux that is computed using the optimized procedure of soil size distribution discretization. The relative error between the two dust fluxes is defined as follows:
Because the emissions are calculated for three independent modes, d 1 ϭ 1.5 ϫ 10 Ϫ6 m, d 2 ϭ 6.7 ϫ 10 Ϫ6 m, and d 3 ϭ 14.2 ϫ 10 Ϫ6 m, we can also deduce the same error, mode by mode, respectively, noted as 1 , 2 , and 3 . These results are reported in Table 4 .
For each threshold value of p value is the lower the number of iterations, but the larger the error. The error made on the finest mode 1 is always low, and the emitted mass varies slowly. This is not so for the case for the medium (error 2 ) and the coarse (error 3 ) modes. The relative error 2 increases rapidly, but corresponds to a low amount of dust mass. Finally, the largest error is always observed for 3 . There are two main reasons for this result:
• this is the mode with the most sensitive function, the p 3 function; and • this corresponds to the coarsest mode, that is, the largest amount of dust mass.
In conclusion, a minimal value p min 3 ϭ 0.001 is necessary to obtain an error on the total dust flux that is lower than Ϸ2%. The estimated error is, of course, never the same, and depends on the soil size composition. The p ], and 425 integration steps for the whole calculation. Regarding the uncertainty in the dust emission fluxes calculations, a 2% error can be considered very good precision on the flux retrieval.
Conclusions
The mineral dust emissions that are calculated using the Alfaro and Gomes (2001) vides the magnitude and size distribution of the dust fluxes that are emitted for various surface and meteorological parameters. However, we showed that a minimum soil size step of ⌬D s ϭ 5 ϫ 10 Ϫ6 m is necessary to accurately estimate, without numerical oscillations, the dust fluxes and the associated size distribution. For typical soil size distributions that are characterized by lognormal functions, this leads to a splitting of the soil size domain into more than 10 000 steps. Such a number of steps may be not a problem for microphysical studies, but may become difficult to use in the framework of a three-dimensional transport model.
To simplify the calculation procedure, we studied the numerical context of the parameterization: we first confirmed, as noted by Grini et al. (2002) , that the fluctuations are the result of a poor resolution of the soil size distribution in the domain of kinetic energy for which the p 3 function is the only nonzero function among the three used in the Alfaro and Gomes (2001) model.
To solve this numerical problem, we propose a simple method to implement the optimization of the Alfaro and Gomes (2001) parameterization. As a function of the required precision, accurate dust flux calculations can be obtained with only 200-250 size steps (instead of 10 000). This optimized procedure allows the use of the Alfaro and Gomes (2001) parameterization "online" even in three-dimensional transport, without additional computation memory. 
